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using	 integrated	 nested	 Laplace	 approximations	 to	 determine	 how	 environmental	
drivers	and	factors	relating	to	species	distributions	affect	changes	in	spatial	turnover	
of	species	and	functional	diversity.	The	measurement	of	functional	homogenization	
affects	 the	chance	of	 rejection	of	 the	null	models,	with	many	sites	 showing	 taxo-
nomic	homogenization	unaccompanied	by	functional	homogenization,	although	oc-
currence	varies	with	spatial	scale.	At	the	smallest	scale,	while	temperature-	related	
variables	drive	 changes	 in	 taxonomic	 turnover,	 changes	 in	 functional	 turnover	are	
associated	with	 variation	 in	 growing	 degree	 days;	 however,	 changes	 in	 functional	
turnover	become	more	difficult	to	predict	at	larger	spatial	scales.	Our	results	high-
light	the	multifactorial	processes	underlying	taxonomic	and	functional	homogeniza-
tion	and	 that	 redundancy	 in	species	 traits	may	allow	ecosystem	functioning	 to	be	
maintained	in	some	areas	despite	changes	in	species	composition.
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process	 known	 as	 biotic	 homogenization	 (McKinney	&	 Lockwood,	
1999;	Olden	&	Rooney,	2006).	Biotic	homogenization	 is	projected	
to	 have	 both	 ecological	 and	 evolutionary	 consequences,	 including	








time	 periods;	 a	 decrease	 in	 spatial	 turnover	 indicates	 homoge-
nization,	 whereas	 an	 increase	 indicates	 differentiation	 (Baiser	 &	
Lockwood,	2011;	McKinney	&	Lockwood,	1999;	Olden	et	al.,	2004;	
Tobias	&	Monika,	 2011).	However,	 homogenization	 can	 also	 com-
prise	increasing	similarity	of	community	trait	composition:	a	process	










ing	 is	 maintained	 despite	 losses	 in	 taxonomic	 diversity	 (Villéger,	











2012).	 Using	 mean	 specialization,	 however,	 ignores	 similarity	 be-
tween	communities	(Gosselin,	2012),	which	is	integral	to	the	general	






we	use	 a	 similar	 “difference	 in	 turnover”	method	 to	 incorporate	 a	
variety	of	ecological	traits	 into	a	measure	comparable	with	that	of	
taxonomic	homogenization.
Climate	modifies	 the	 local	 environment,	 leading	 to	 both	 taxo-
nomic	and	functional	homogenization	(Meynard	et	al.,	2011;	Sonnier	
et	al.,	2014).	For	example,	areas	which	have	undergone	a	long-	term	
increase	 in	minimum	 temperature	are	expected	 to	exhibit	homog-
enization	 as	 species	 adapted	 to	 warmer	 conditions	 dominate	 the	
landscape	by	shifting	their	range	(Devictor,	Julliard,	Couvet	&	Jiguet,	
2008;	Powney,	Cham,	Smallshire	&	Isaac,	2015).	Additionally,	tem-







and	precipitation	 (Jentsch	&	Beierkuhnlein,	 2008).	 It	 is,	 therefore,	
important	to	consider	more	criteria	than	just	mean	values	of	climatic	
parameters	 to	 forecast	 effects	 of	 climate	 change	 on	 biodiversity	
(Buckley	&	Kingsolver,	2012).
Biotic	factors	may	also	affect	homogenization.	Conceptual	mod-
els	 suggest	 that	 initial	 community	 similarity,	 species	 richness,	 and	
ratio	of	invading	species	to	those	that	undergo	local	extinction	may	
influence	changes	in	spatial	turnover	of	species	over	time	(Olden	&	








how	 spatial	 turnover	 of	 taxonomic	 and	 functional	 diversity	 changes	
between	the	two	time	periods,	and	(b)	identify	climatic	and	biotic	fac-
tors	 that	 influence	 the	vulnerability	of	communities	 to	homogeniza-
tion.	As	the	drivers	of	avian	β	diversity	differ	between	functional	and	
taxonomic	 diversity	 (Meynard	 et	al.,	 2011),	 it	 is	 likely	 that	 the	 driv-
ers	of	change	in	β	diversity,	or	turnover,	over	time	also	vary	between	
functional	and	taxonomic	diversity.	To	address	this,	we	use	a	range	of	













that	areas	are	more	susceptible	 to	taxonomic	homogenization	 if	 the	
central	 tendency	of	species’	 local	 ranges	 is	 intermediate,	 that	 is,	 the	
mean	binomial	variance	of	all	the	species	in	the	area	is	high.




to	 the	geographical	 limits	on	 species	dispersal	potential,	while	 cli-




vulnerable	 to	 future	 homogenization	 for	 conservation	 planning	
and,	 therefore,	help	mitigate	 the	adverse	consequences	of	climate	
change	(Rooney,	Olden,	Leach	&	Rogers,	2007).











eight	 neighboring	 squares	would	 form	a	30	×	30	km	grid.	This	mov-
ing	window	 approach	measures	 the	 neighborhood	 turnover	 of	 each	
individual	hectad	and	matches	the	methods	used	by	Barnagaud	et	al.	





















Three	 biotic	 variables	 were	 included	 in	 each	 analysis;	 taxonomic	
and	functional	diversity	in	the	focal	square	in	the	earlier	of	the	two	
atlases,	 and	mean	binomial	 variance	 of	 local	 species	 distributions,	
details	 of	which	 follow.	 Species	 richness	was	 included	 as	 a	meas-
ure	of	 taxonomic	diversity	 in	 the	earlier	atlas.	Functional	diversity	
was	calculated	using	Rao’s	quadratic	entropy	(Rao	Q;	Botta-	Dukát,	
2005).	 Among	 the	 large	 number	 of	 functional	 diversity	 measures	



























1.	 Minimum	 temperature—the	 mean	 daily	 minimum	 temperature	
for	 the	 coldest	 annual	 month;















is,	 time	spent	 in	 the	 tail	of	 the	distribution	of	values	 relative	 to	
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the	 time	 spent	 in	 the	 central	 distribution	mass	 calculated	 as	 (Q 
0.975	−	Q	 0.025)/(Q	 0.875	−	Q	 0.125),	 where	 Q	 is	 the	 quantile	
function	(Brys,	Hubert	&	Struyf,	2006);
In	 total,	 this	 produces	 15	 climatic	 variables	 included	 within	 the	
analyses.
2.3 | Turnover calculations
We	 measured	 taxonomic	 turnover	 using	 the	 modified	 Simpson’s	
index,	βsim	(Lennon,	Koleff,	Greenwood	&	Gaston,	2001):	
 where a	is	the	number	of	species	found	in	both	the	focal	community	















communities	 (De	 Bello	 et	al.,	 2009).	 We	 used	 the	 R	 function	 be-
taQmult	 provided	 in	 Villéger,	 Ramos	 Miranda,	 Flores	 Hernandez	









functional	 homogenization	 differs	with	 the	measure	 of	 functional	
















We	 took	 a	 null	model	 approach	 to	 test	 the	 presence	 of	 func-
tional	 homogenization	 irrespective	 of	 taxonomic	 homogenization.	







The	 random	trait	matrices	were	used	 to	calculate	βrao	 for	both	at-
lases	 from	which	change	between	 the	 two	atlases	was	calculated.	
This	gave	us	a	null	distribution	of	changes	in	functional	turnover	to	
address	the	question	of	whether	functional	homogenization	accom-















above.	These	were	 combined	 into	a	multimodel	 information	 theo-
retic	approach	 (Burnham	&	Anderson,	2002)	using	a	restricted	set	
of	 three	models,	 shown	 in	 Table	1,	 and	 compared	 using	Deviance	
Information	Criterion	(DIC)	which	provides	a	measure	of	model	fit.	
Although	 this	measure	 can	 underpenalize	models	 with	 a	 complex	
random	 error	 structure,	 we	 chose	 this	 criterion	 over	 Watanabe-	
Akaike	 information	 criterion	 (WAIC)	 which	 assumes	 independent	
observations	 and,	 therefore,	 is	 not	 appropriate	 for	 our	 spatially	
structured	 data	 (Hooten	 &	 Hobbs,	 2014).	 This	 combination	 of	





other.	Due	 to	 the	spatial	nature	of	 the	data,	we	again	used	 intrin-
sic	conditional	autoregressive	models	which	account	for	the	spatial	





     |  5WHITE ET al.
















3.1 | Occurrence of functional homogenization
Changes	 in	 βsim	 and	 βrao	 varied	 in	 space	 (Figure	1).	 Change	 in	 βrao 
varied	 with	 change	 in	 βsim	 at	 the	 hectad	 scale	 [median	=	0.0083,	
credible	intervals	(CI)	=	(0.0038,	0.013);	Figure	2a]	but	not	at	either	







served	occurrences	of	 homogenization	 and	differentiation	of	 spe-
cies	and	traits	varied	with	spatial	scale	 (Tables	2–4).	At	the	hectad	
scale,	where	 the	 change	 in	 βrao	 differed	 from	 that	 expected	 from	
the	null	model,	the	majority	of	squares	(438	of	599)	showed	an	in-
crease	 in	 functional	 turnover	between	 the	 two	 time	periods,	 indi-
cating	 functional	 differentiation.	Most	 of	 these	 sites	 (349	 of	 599)	
also	exhibited	taxonomic	differentiation	through	an	increase	in	βsim; 
however,	189	sites	showed	functional	differentiation	but	taxonomic	
homogenization,	 that	 is,	 an	 increase	 in	βrao	 but	 a	 decrease	 in	βsim. 
The	 largest	 spatial	 scale	 (90	×	90	km)	was	 the	 only	 scale	 at	which	
























































































































































































































































































































































































































ative	 effect	 [median	=	−0.0106,	 CI	=	(−0.0154,	 0.0058)].	 Although	
variance	 in	 minimum	 temperature	 also	 affected	 changes	 in	 βrao 
[median	=	−0.1391,	 CI	=	(−0.2688,	 −0.0095)],	 the	 covariates	 with	
the	 strongest	 effect	 sizes	were	 both	 related	 to	 variation	 in	 grow-










of	 the	 variation	 in	 changes	 in	 βsim	 in	 models	 at	 all	 three	 spatial	
scales,	but	 the	mean	binomial	variance	only	appeared	 important	





−0.0058)],	 while	 at	 the	 90	×	90	km	 scale	 it	 was	 the	 long-	term	













































occurrence	of	 functional	 homogenization	 among	British	birds	 is	 not	
consistent	 given	 changes	 in	 taxonomic	 turnover	 at	 multiple	 spatial	
scales.	The	occurrence	of	functional	homogenization	varies	with	both	
spatial	 scale	and	measure	of	 functional	 turnover	 (results	 for	nearest	
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index	of	generalist	and	specialist	species	to	measure	functional	ho-
mogenization,	which	may	account	 for	 the	contrasting	 results.	This	
highlights	the	need	to	widen	the	focus	from	specialization	when	in-
vestigating	functional	homogenization	and	consider	it	in	the	context	
of	 temporal	 changes	 in	 the	spatial	dissimilarity	of	 communities,	 as	
outlined	by	Olden	et	al.	(2004).
Despite	 observations	 that	 changes	 in	 occurrences	 of	 British	




Paracchini,	 Pointereau,	 Devictor	 &	 Jiguet,	 2012;	 Olden	 &	 Poff,	
2003;	 Villéger	 et	al.,	 2014),	 species	 richness	 and	mean	 binomial	
variance	 were	 only	 included	 in	 the	 best	 performing	 model	 for	
changes	 in	 taxonomic	 turnover	 at	 the	 two	 larger	 spatial	 scales,	
showing	 negative	 relationships.	 Our	 hypothesis	 that	 biotic	 vari-
ables	 drive	 taxonomic	 homogenization,	 while	 climatic	 variables	
drive	 functional	 homogenization	 is	 therefore	 opposed	 at	 the	
smallest	spatial	scale.	At	larger	spatial	scales,	however,	our	results	
support	our	predictions	that	squares	where	all	occurring	species	
are	 either	 locally	 rare	or	 locally	 common	 showed	more	negative	
changes	 in	 βsim,	 that	 is,	 taxonomic	 homogenization.	 The	 varia-
tion	in	results	with	spatial	scale	may	represent	the	scale	at	which	
dispersal	 becomes	 a	 limiting	 factor	 to	 a	 species’	 distribution.	
Additionally,	using	a	more	recent	bird	atlas	(i.e.,	Gillings,	Balmer	&	
Fuller,	2015)	to	study	changes	over	a	longer	and	more	recent	time	


















concurrent	 changes	 in	 community	 specialization	of	British	birds	with	
changes	 in	both	mean	temperature	and	mean	rainfall	over	a	13-	year	


























measure Model DIC ΔDIC
10	×	10	km Change	in	βsim Climate −14779.87 0
Full −14658.46 121.41
Biotic −13430.89 1348.98
Change	in	βrao Climate −11056.94 0
Biotic −11047.75 9.19
Full −11044.92 12.02
30	×	30	km Change	in	βsim Full −17071.12 0
Biotic −17017.53 53.59
Climate −16828.00 243.12
Change	in	βrao Biotic −23153.78 0
Full −23148.17 5.61
Climate −23142.58 11.2
90	×	90	km Change	in	βsim Full −18487.43 0
Climate −18352.79 134.64
Biotic −17971.18 516.25
Change	in	βrao Biotic −23185.59 0
Climate −23173.58 12.01
Full −23167.89 17.70
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linked	to	resource	availability	(Huntley	et	al.,	2008).	Our	results	suggest	
that	the	variation	in	this	energy	at	the	hectad	scale	selects	directly	on	





climatic	 components	 appearing	 to	 increase	 the	 degree	 of	 taxonomic	
homogenization.	The	observed	relationships	of	changes	in	taxonomic	
and	 functional	 turnover	with	 climatic	 variance,	 year-	to-	year	 predict-
ability,	 long-	term	 trends,	 and	 extreme	 events	 measures	 at	 various	




that	 for	 Mediterranean	 birds,	 mammals,	 amphibians,	 and	 reptiles,	
temporally	variable	environments	maintained	higher	spatial	 turnover;	
however,	 it	supports	 the	suggestion	that	environmental	disturbances	
contribute	 to	 community	homogenization	 through	niche	 selection	of	
disturbance-	tolerant	species	(Myers,	Chase,	Crandall	&	Jiménez,	2015).	









along	 an	 urbanization	 gradient	 (Devictor	 et	al.,	 2007).	While	 the	 ef-
fects	of	changes	in	climate	and	land	use	have	often	been	considered	
separately,	 their	 combined	 effects	 should	 also	 be	 considered	 when	
studying	 the	 impact	 of	 environmental	 change	on	 ecological	 commu-
nities	(Oliver	&	Morecroft,	2014).	Building	the	framework	used	in	this	
paper	 into	 investigations	 of	 the	 effects	 of	 multiple	 components	 of	






nonnative	and	vagrant	 species	 from	our	analyses	which	 focussed	on	







Díaz	 et	al.,	 2007),	 community	 responses	 to	 environmental	 change	
(Ernst,	Linsenmair	&	Rödel,	2006;	Forrest,	Thorp,	Kremen	&	Williams,	
2015;	Meynard	et	al.,	 2011),	 and	 community	 stability	 and	 resilience	







associated	 change	 in	 trait	 composition	 (Baiser	 &	 Lockwood,	 2011),	
and	it	is	ill-	advised,	therefore,	to	make	any	predictions	about	changes	
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homogenization	alone.	The	mechanisms	driving	taxonomic	and	func-
tional	homogenization	are	multifactorial,	and	actions	taken	to	mitigate	
homogenization	 and	 its	 ecological	 consequences	 must	 account	 for	
this.	Both	functional	diversity	and	species	richness	should	be	consid-
ered	when	planning	habitat	conservation	to	protect	areas	vulnerable	





can	 be	 added	 to	with	 further	 analyses	 on	 community	 composition,	
land	cover,	and	invasive	species	potential.
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